Over the past several years, the dominant paradigm in drug development for metastatic renal cell carcinoma (mRCC) has been to more selectively and potently target moieties such as the vascular endothelial growth factor receptor. The effectiveness of this strategy appears to be nearing a plateau, however, underscoring the need for novel approaches. Vaccine-based therapies represent one such approach. Several distinct vaccines are currently being examined in mRCC, each using a distinct mechanism of action. For instance, the autologous dendritic cell vaccine AGS-003 uses patient-specific antigens derived from primary tumor tissue. In contrast, the poxvirus vaccine TG4010 produces an antigenic response to MUC1, a cell surface glycoprotein that reduces cell-cell interactions and thereby precludes contact inhibition. Other vaccines elicit a response to a broader spectrum of antigensV for instance, the vaccine IMA901 is based on 9 tumor-associated peptides identified from a novel biotechnology platform combining mass spectroscopy, microarray analysis of RNA expression, and immunogenicity assays. Herein, the current status of vaccine-based therapies for mRCC is described in detail. Furthermore, challenges to clinical implementation (eg, cost, optimal pairing with targeted agents, appropriate sequencing) are presented.
T argeted therapies have drastically impacted the treatment paradigm for metastatic renal cell carcinoma (mRCC). Before their advent, the treatment of mRCC was largely confined to immunotherapeutic approaches including interferon > (IFN->) and interleukin 2 (IL-2). 1 Several phase III studies have demonstrated superior clinical outcomes with targeted agents as compared with IFN->. 2, 3 Furthermore, although IL-2 has not been placed head to head against any currently approved targeted drugs in a prospective trial, the agent appears to elicit clinical benefit in only a small subset of patients with the caveat of significant cardiovascular toxicity. 4 Although targeted therapies have largely supplanted immunotherapeutic approaches in the clinic, there may be a plateau in the clinical effectiveness of these agents. Newer generations of targeted therapeutics aim to more specifically target relevant moieties, such as vascular endothelial growth factor receptor 2. Although several of these agents (eg, axitinib and tivozanib) do achieve this aim, this may not translate to a clinical benefit. 5, 6 For instance, in the phase III TIVO-1 trial comparing sorafenib and tivozanib, 1-year overall survival (OS) appeared to be superior with sorafenib. 7 Furthermore, in the recently presented AGILE study comparing sorafenib and axitinib in the frontline setting, no significant difference in progression-free survival (PFS) was observed. 8 These data sets have led the investigative community to question the strategy of more aggressively targeting the VEGF-signaling axis.
Interestingly, as focus shifts away from VEGF-directed therapies, there may be a resurgence of immune-based approaches. In particular, programmed death 1 (PD-1) inhibitors, which prevent induction of T-cell anergy, appear to show substantial efficacy even in heavily refractory patients. 9, 10 Agents inhibiting the ligand of PD-1, PD-L1, may also ultimately prove efficacious in mRCC. 11 Vaccine therapies represent a wholly distinct strategy of stimulating the antitumor immune response and have shown promise in other genitourinary malignancies. In the setting of metastatic castration-resistant prostate cancer (mCRPC), the dendritic cell vaccine sipuleucel-T has gained approval on the basis of a placebo-controlled phase III trial demonstrating superior OS. 12 These encouraging results have bolstered interest in other vaccine-based therapeutics, both for mCRPC and other therapeutic indications. 13 Several vaccinebased therapies have been developed for mRCC. These agents are described in the current review, along with a critical assessment of how they may be incorporated in current treatment paradigms for mRCC.
MULTIPEPTIDE VACCINES: IMA901
The development of IMA901, a vaccine composed of tumorassociated peptides (TUMAPs), used the novel XPRESIDENT platform. 14 This platform was used to compare both RNA and HLA ligands derived from normal tissue and tumor tissue derived from 32 patients with RCC. RNA was assessed via microarray, and HLA ligands, via mass spectrometry. Once candidate TUMAPs were identified, immunogenicity was assessed using peripheral blood mononuclear cells derived from healthy donors. A final set of 9 TUMAPs was derived, representing the following antigens: & PLIN2 and APOL1, expressed on the surface of lipid droplets and associated with RCC 15 & CCND1, a key cell cycle mediator with documented aberrations in RCC 16 & GUCY1A3, involved in cGMP synthesis and angiogenesis 17, 18 & PRUNE2, overexpressed in genitourinary cancers 19 & MET, a transmembrane receptor that binds hepatocyte growth factor, with a well-documented role in RCC pathogenesis 20Y22 & RGS5, a cell cycle regulator 23 & MUC1, a cell surface glycoprotein that can mask surrounding antigenic cell surface proteins 24 & MMP7, involved in regulation of the extracellular matrix 25 IMA901 was first assessed in a phase I study including a total of 28 patients, including 15 treatment-naive patients and 13 patients with heavily refractory disease. 14 The latter cohort had received up to 3 prior lines of therapy, primarily comprised of cytokines with or without cytotoxic agents. Treatment was composed of a total of 8 injections of IMA901 at days 1, 2, 3, 8, 15, 22, 36, and 64, with granulocyte macrophage colony-stimulating factor (GM-CSF) before delivery. Clinical benefit was assessed at a 3-month benchmark. At this point, 1 partial response was observed, and 11 patients had stable disease (SD).
Immune profiling was performed in 27 of the 28 patients in the phase I experience. 14 Importantly, the original formulation also included HBcAg, the antigenic determinant of the hepatitis B virus, as a means of assessing the immune response. There was no difference in the frequency of clinical benefit among patients who did and did not elicit anti-HBV antibodies. However, disease control rates were higher among patients who elicited a response to at least 1 TUMAP (20/27 patients), and highest among patients who elicited a response to 2 or more TUMAPs (8/27 patients). Notably, patients with a lower proportion of regulatory T-cells (Tregs) at baseline appeared to have a more profound TUMAP immune response. A more detailed assessment of immune response kinetics was performed in a total of 9 subjects; these studies suggested that the immune response to TUMAPs might be sustained for several months.
A phase II study of IMA901 was subsequently conducted in which 68 patients were randomized to receive either IMA901 alone (n = 35) or IMA901 preceded by a single dose of cyclophosphamide at 300 mg/m 2 . 14 The premise for cyclophosphamide use is complex and involves the theory that priming with the cytotoxic may reduce the burden of Tregs and there by augment the TUMAP immune response. 26 A total of 17 vaccinations were delivered over 9 months on each of the study arms. Baseline characteristics were similar between the 2 groups. Interestingly, it was found that increasing age was associated with a blunted TUMAP response. Ultimately, among those patients who elicited an immune response to IMA901, cyclophosphamide pretreatment was associated with a significantly prolonged survival (hazards ratio, 0.38; P = 0.04). In contrast, cyclophosphamide pretreatment had no impact on survival in the subset of patients who lacked an immune response. Supporting the aforementioned hypotheses to explain this observation, Treg quantity was significantly reduced by cyclophosphamide pretreatment (P = 0.013).
Further immune-based assays were performed to identify a more expansive immune profile associated with response. 14 Subsets of myeloid-derived suppressor cells (MDSCs) were assessedV notably, these cells (akin to Tregs) can stifle the antitumor immune response. Ultimately, elevations of MDSCs characterized by either CD14 + HLA j DR j/lo or CD11b + CD14 j CD15 + were associated with shorter OS. Expression of the T-cell receptor-X, which appears to be amplified in the setting of arginine depletion, was positive associated with survival.
IMA901 has recently been assessed in a phase III clinical trial, the results of which are currently pending ( Fig. 1 ). 27 In this trial, patients were randomized in a 3:2 fashion to receive either sunitinib with IMA901 or sunitinib alone. Interestingly, the dosage and schedule used in this study vary from the phase I and II experiences. Specifically, a total of 10 vaccinations with IMA901 were delivered over the course of 4 months. Eligibility for the trial was limited to patients who had received no prior therapy for metastatic disease and those with favorable or intermediate risk based on criteria established by Heng et al. 28 The primary end point for the study was OS, with secondary end points including OS based on biomarker-stratified subsets, PFS, safety, and immune response. Prespecified stratification factors in the study included risk group (low vs intermediate), geographic region, and nephrectomy status. The results of these studies are eagerly anticipated.
AUTOLOGOUS VACCINES: AGS-003
AGS-003 represents an autologous dendritic cell vaccine, generating through electroporation of tumor-derived RNA into host immune cells. 29 These host immune cells presumably become reactive to tumor antigens through IL-12Ydependent processes. The approach to clinical evaluation of AGS-003 was distinct from IMA901Valthough the preliminary studies of IMA901 focused on monotherapy, AGS-003 was evaluated in combination with sunitinib. The choice of paired therapy with sunitinib was based on mounting preclinical evidence suggesting that sunitinib may decrease Treg function and thereby augment the antitumor immune response (discussed subsequently). 30 A phase II assessment of AGS-003 with sunitinib included a total of 21 patients. 31 Because fresh tumor tissue was required, the study was limited to patients who had received cytoreductive nephrectomy. Patients receiving cytoreductive nephrectomy implicitly have de novo metastatic disease, and on this basis are characterized as either intermediate or poor risk. Ultimately, by Memorial Sloan-Kettering Cancer Center criteria, 15 patients (71%) had intermediate-risk disease, whereas 6 patients (29%) had poor-risk disease. Evaluation by the Heng criteria yielded an even larger proportion of patients (10/21, or 48%) with poor-risk disease. All but 1 patient had clear cell histology.
Subsequent to cytoreductive nephrectomy, primary tumor tissue was sent to a central laboratory, along with products from leukapheresis. 31 After one 6-week cycle of sunitinib, patients received 5 consecutive doses of AGS-003 every 3 weeks, followed by quarterly administration of sunitinib. Sunitinib and AGS-003 were continued until progression or unacceptable toxicity. An impressive median OS of 30.1 months was achieved in this study. Although no comparator arm was used, an evaluation of the International mRCC Database Consortium data set suggested that that the median OS expectation for a similar population of patients was only 15 months. The primary biomarker assessment paired to the phase II assessment of AGS-003 was an evaluation of memory T-cells. 32 Increases in this T-cell subset from baseline to the fifth dose of AGS-003 was associated with prolonged survival.
Schema showing the randomization used in the phase III assessment of IMA901. Note that cyclophosphamide (Cy) is offered as a single pulse dose of 300 mg/m 2 before initiation of IMA901. IMA901, given with GM-CSF, is delivered over a total of 4 months with a series of 10 consecutive vaccinations. Sunitinib is given on the approved schedule, namely, 50 mg daily (4 weeks on, 2 weeks off ).
Based on these encouraging data, a phase III effort (the ''ADAPT'' study) has been launched (Fig. 2) . 33 This trial will enroll a total of 450 patients randomized in a 2:1 fashion to either sunitinib with AGS-003 or sunitinib alone. Akin to the original phase II design, patients must have de novo metastatic disease, and fresh tumor specimen will be centrally processed along with leukapheresis product. Although the original study used an induction regimen composed of 5 doses of AGS-003 every 3 weeks, the ADAPT trial will use a total of 8 doses of AGS-003 over 48 weeks, and treatment with AGS-003 will be offered quarterly thereafter. The study has initiated enrollment and is designed (with 80% power) to detect a roughly 30% improvement in OS with sunitinib and AGS-003 as compared with sunitinib alone.
ANTIGEN-DIRECTED VACCINES:
TG-4010, MVA-5T4
Although IMA901 is composed of multiple antigens, several vaccines have been designed with the intent of generating an immune response to a single antigen. Two examples of this are TG-4010 and MVA-5T4. In the case of TG-4010, the antigen of interest is MUC1, a cell surface glycoprotein. In normal tissue, MUC1 appears to have a protective effect on epithelial cells by forming a lubricated barrier. 24 However, in the setting of cancer, MUC1 overexpression may mask cell surface antigens and thereby stifle the antitumor immune response. Tissuebased studies of MUC1 expression in RCC have suggested that the moiety is an independent prognostic factor. 34, 35 Furthermore, as noted previously, MUC1 was one of the proteins identified via the XPRESIDENT platform for inclusion in the multipeptide panel that constitutes IMA901. 14 TG-4010 is formulated from a recombinant modified vaccinia virus (MVA) expressing both IL-2 and MUC1 antigen. Two phase I studies of TG-4010 were reported simultaneously, one study conducted in Europe and the other in the United States. Notably, these studies included a wide spectrum of malignancies. 24 Limited adverse effects were observed, and 4 of 13 evaluable patients had SD noted for 6 to 9 months. Consistent with the latent responses that have been observed with several immunotherapeutic agents, one patient with lung cancer progressed initially but later had a response lasting more than 1 year. These preliminary results fueled much larger explorations in nonYsmall cell lung cancer.
A phase II study was conducted in mRCC. 36 Enrollment in this effort was limited to those patients with documented MUC1 expression by immunohistochemistry, either in primary tumor or metastatic tissue. No prior therapy was permitted in this trial. Ultimately, a total of 37 patients were enrolled. Although no objective responses were observed, 5 (18%) of 27 evaluable patients had SD in excess of 6 months. Notably, most of the patients who had progressed on TG-4010 alone were treated subsequently with TG-4010 and cytokines. Of 20 evaluable patients, 6 patients (30%) had SD in excess of 6 months. Median OS was 19.3 months for the overall cohort. Notably, an antibody response to MVA or IL-2 was associated with a modest survival advantage. Patients who had a CD8 + T-cell response to MUC1 were also noted to have a slight survival advantage. Given the limited responses and modest survival associated with TG4010, it is unclear whether it will move forward in this malignancy. An ongoing phase III study in nonYsmall cell lung cancer will randomize patients with MUC1-overexpressing tumors to chemotherapy with or without vaccine. 37 This trial may represent the primary development path for this agent.
Important lessons have been gleaned from a phase III study examining MVA-5T4, a distinct antigen-directed vaccine therapy. 38 The vaccine is constituted by an MVA that delivers the oncofetal antigen 5T4, a moiety primarily expressed in tumor tissue and placental tissue (but rarely in normal adult tissue). Significant elevations in 5T4 expression have been noted in mRCC. Early encouraging data with MVA-5T4 across a spectrum of malignancies (colorectal cancer, mCRPC, and RCC) led to the establishment of a phase III program in mRCC. 39 Patients with treatment-naive disease were enrolled and randomized in a 1:1 fashion to standard of care therapy with either MVA-5T4 or placebo. A total of 732 patients were randomized; most received IFN-> as their standard-of-care regimen (n = 374), whereas a similar number of patients received IL-2 (n = 170) or sunitinib (n = 185). The study failed to meet its primary end point of improving OS (20.1 months with MVA-5T4 as compared with 19.2 months with placebo, P = 0.55). However, there were several subsets that seemed to derive more substantial benefit. For example, a significant improvement in survival with MVA-5T4 (as compared with placebo) was seen among those patients who received IL-2 and had a good prognosis by MSKCC criteria (hazards ratio, 0.54; P = 0.046). Unplanned subset analyses based on hematologic parameters suggested that those patients with normal platelets, monocytes, and hemoglobin derived greater benefit. Correlative analyses also revealed that an increase in the 5T4 antibody response was associated with improvement in survival, consistent with previous reports.
Rationale for Combining Vaccines and Targeted Agents
Early data from several of the vaccine therapies discussed herein are quite encouraging. However, it remains to be seen how these treatments will be incorporated in a crowded landscape of therapies for mRCC. The pivotal trials of AGS-003 and IMA901 assess a combination of vaccine with sunitinib. Recent data from the COMPARZ study, a phase III effort comparing sunitinib and pazopanib in treatment-naive patients, suggest that pazopanib may have a preferable toxicity profile and yield superior quality of life while maintaining similar efficacy. 40 These data question the relevance of a sunitinib-based regimen. It is problematic to assume that all VEGF-directed therapies will synergize with vaccine-based treatments in a similar fashion. For instance, several preclinical studies have demonstrated that sunitinib may augment the antitumor immune response by decreasing recruitment of MDSCs and Tregs to tumor tissue ( Fig. 3) . 30, 41 In contrast, similar studies assessing sorafenib have demonstrated the opposite effect. 42 As such, although agents such as sunitinib form a logical pairing with vaccine-based treatments, agents such as sorafenib may not be ideal. The data from COMPARZ may lead to greater use of pazopanib in the first-line setting, but the immune effects of the agent are more poorly characterized. 43 Furthermore, only limited data are available for other challengers in the frontline setting, such as axitinib and tivozanib. Exploration of the immune-related effects of pazopanib, axitinib, and tivozanib may identify agents among these that are best suited for combination with vaccine therapies. Beyond combinations with VEGF-directed therapies, it may also be critical to understand the utility of pairing vaccine therapies with mammalian target of rapamycin (mTOR) inhibitors and other emerging therapies. The mTOR inhibitor temsirolimus is appropriate for treatment-naive patients with poor-risk disease. Although the phase II study of sunitinib with AGS-003 evaluated patients with largely intermediate-and poor-risk disease, in a community-based setting, treatment with temsirolimus may be the preferred approach for the latter category. 2 As such, studies investigating the combination of temsirolimus with AGS-003 may be warranted. For those patients who progress on VEGF-directed therapies, the mTOR inhibitor everolimus is a preferred secondor third-line option. 44 Although synthesis of an autologous vaccine may not be feasible for patients with refractory disease (because fresh tumor specimens are not available for antigen retrieval), combinations of everolimus with multipeptide vaccines may be of use. Other distinct classes of agents show great promise in mRCC, including fibroblast growth factor inhibitors and MET inhibitors such as dovitinib and cabozantinib, respectively. 45, 46 It will be critical to assess the efficacy of RCC vaccines in concert with these agents.
FUTURE DIRECTIONS
Although the ideal pairings of vaccine and targeted agent are established, it would be important to consider another key issue in parallelVtherapeutic sequencing. The antigenic response elicited by each of the vaccines noted herein is distinct. As such, there may be rationale for patients to be exposed to more than 1 vaccine-based strategy. The sequence of these vaccines is critical because it is now well documented that significant attrition occurs across first-, second-, and third-line therapy. 47 Because of logistical issues (ie, requirement for fresh tumor), AGS-003 must be offered in the frontline setting, but it remains unclear whether administration of this autologous vaccine would be preferable to a multipeptide vaccine such as IMA901. One can envision FIGURE 3 . Schema outlining the proposed mechanisms of action of sunitinib. Although sunitinib is well known to inhibit angiogenesis, abrogation of MDSC recruitment to tumor sites by sunitinib may promote the antitumor immune response, suggesting an alternative mechanism of action. subsequent trials comparing these 2 approaches prospectivelyV although this would be an immense effort, data pertaining to the ''comparative effectiveness'' of these strategies are key. Of course, the entry of other ''immunotherapeutic'' agents, such as PD-1 inhibitors and CTLA4 inhibitors, may further challenge the positioning of vaccine-based therapies.
Comparative effectiveness research is also valuable from the standpoint of evaluating the relative financial burden of vaccine therapies. Important lessons have been learned from the experience with sipuleucel-T in mCRPCValthough the agent does yield a modest improvement in OS, it does so at an immense cost to the patient and/or payor. 12, 48 The cost of vaccine therapies superimposed on the cost of targeted therapies may not be sustainable in the current health care climate. One potential measure that could mitigate the cost of vaccine-based therapies is to identify relevant biomarkers that define susceptible populations. For instance, if IMA901 is particularly effective in those patients with low Treg quantities at baseline, it may be better to limit its use to this population. Post hoc biomarker analyses (ie, assessing the change in memory T-cells after treatment with AGS-003) may be less useful for this purpose because the patient would need to embark on therapy to establish the biomarker trend. Investing heavily in defining predictive biomarkers now may spare significant costs in the future.
There is no shortage of vaccine-based strategies currently under assessment in mRCC. Table 1 delineates several early efforts not detailed in the current article. Although certain vaccine therapies hold incredible promise in mRCC, there are several obstacles to clinical implementation that must be overcome. First, the most relevant synergistic combinations of targeted therapies and vaccine must be identified, as monotherapy with vaccines appear to offer more limited efficacy. With sunitinib possibly being usurped by pazopanib and tivozanib in the frontline setting, the investigative community must work quickly to validate logical pairings. Second, the optimal sequence (or perhaps combination) of vaccine therapies must be established. As noted, this dilemma is not new to mRCCVthere is still a lively debate surrounding the optimal sequence of targeted agents for this disease. Finally, the financial burden of these therapies must be addressed. Despite the immense research efforts underway to bring RCC vaccine therapies to the clinic, economic considerations may ultimately hinder clinical implementation.
